Abstract. It has been established that glycosaminoglycans (GAGs) serve an important role in protecting the skin against the effects of aging. A previous clinical trial by our group identified that a cream containing GAGs reduced wrinkles and increased skin elasticity, dermal density and skin tightening. However, the exact molecular mechanism underlying the anti-aging effect of GAGs has not yet been fully elucidated. The present study assessed the influence of GAGs on cell viability, collagen synthesis and collagen synthesis-associated signaling pathways in tumor necrosis factor-α (TNF-α)-stimulated human dermal fibroblasts (HdFs); an in vitro model of aging. The results demonstrated that GAGs restored type I collagen synthesis and secretion by inhibiting extracellular signal-regulated kinase (ERK) signaling in TNF-α-stimulated HDFs. However, GAGs did not activate c-jun N-terminal kinase or p38. It was determined that GAGs suppressed the phosphorylation of downstream transcription factors of ERK activation, activator protein-1 (AP-1; c-fos and c-jun), leading to a decrease in matrix metalloproteinase-1 (MMP-1) levels and the upregulation of tissue inhibitor of metalloproteinase-1 in TNF-α-stimulated HdFs. In addition, GAGs attenuated the apoptosis of HdFs induced by TNF-α. The current study revealed a novel mechanism: GAGs serve a crucial role in ameliorating TNF-α-induced MMP-1 expression, which causes type I collagen degeneration via the inactivation of ERK/AP-1 signaling in HdFs. The results of the present study indicate the potential application of GAGs as effective anti-aging agents that induce wrinkle reduction.
Introduction
collagen degradation is the primary cause of skin aging. The modulation of collagen synthesis/degradation is thus a pivotal target for anti-wrinkle agents. Glycosaminoglycans (GAGs) are highly charged polysaccharides that are an important structural component of the extracellular matrix (ECM) and are often used in cosmetic products (1) (2) (3) . In a previous clinical trial, it was identified that a cream containing GAGs regulated wrinkles, skin elasticity, dermal density and skin tightening (4) . However, although GAGs serve important roles in skin aging, their regulatory mechanism of action has not yet been fully elucidated.
Skin wrinkles develop as a result of intrinsic and extrinsic aging processes (5, 6) . Intrinsic aging, which is characterized by a smooth, thinned epidermis that exhibits fine wrinkles, naturally occurs over time and is dependent on the accumulation of inflammatory mediators. Extrinsic aging, characterized by a roughened texture, skin laxity and mottled pigmentation with deep wrinkles, occurs due to solar irradiation, smoking and poor nutrition (7, 8) . These alterations may also be caused by ECM destruction as a dermal fibroblast aging that occur during intrinsic and extrinsic aging (9) . Dermal fibroblasts serve an important role in the production of EcM, including the production of ground substance, collagen fibers and elastins (10) . Therefore, the disruption of fibroblast function affects the mechanical properties of skin connective tissue. Inflammatory mediators, including cytokines, serve a crucial role in stimulating skin aging (11) . The expression of a gene cluster associated with inflammation (12) and the quantity of halogenated tyrosine produced following inflammation are increased in aging skin (13) . Specifically, exposure to ultraviolet B promotes the production of tumor necrosis factor (TNF)-α from dermal fibroblasts, macrophages and epidermal keratinocytes, resulting in increased inflammation and the degradation of ECM components via the activation of matrix metalloproteinases (MMPs) (14) (15) (16) (17) (18) . Sustained exposure to TNF-α induces the expression of MMP-1, MMP-3 and MMP-9 (also known as collagenase, stromelysin and gelatinase, respectively), causing irreparable damage to the epidermis and dermis (19) (20) (21) . In particular, MMP-1 activation in dermal fibroblasts may cause collagen fragmentation and functional alterations in dermal fibroblasts (22) . Thus, regulating TNF-α activity may be a novel therapeutic strategy of treating inflammatory skin diseases and reversing skin aging.
Type I collagen, the primary component of EcM in the skin, is synthesized and secreted by dermal fibroblasts. Type I collagen is responsible for the strength and elasticity of skin (23) . In addition to aging, the stimulation of various cytoplasmic signal transduction pathways, including transforming growth factor (TGF)-β/Smad, mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-κB, cause fibroblasts to lose their proliferative potential. Fibroblasts then synthesize reduced levels of ECM, meaning that the secretion of type I collagen is also reduced (24) (25) (26) (27) (28) . Impairments in dermal fibroblast functions during aging contribute to skin thinning, as they cause reductions in the quantity of collagen in aged human skin (29) . Previous studies have demonstrated that various MAPKs, including extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase (JNK) and p38, are associated with skin aging (26, (30) (31) (32) . The phosphorylation of ERK 1/2 mediates the inhibition of type I collagen synthesis in human skin fibroblasts (32, 33) . TNF-α increases MMP-1 expression via MAPK and activator protein-1 (AP-1) pathways in rheumatoid arthritis synovial fibroblasts (34) and HCS-2/8 chondrocytes (35) . Furthermore, it has been demonstrated that compound K suppresses ERK activation, resulting in reduced MMP-1 secretion and increased type I procollagen secretion in TNF-α-stimulated human skin fibroblasts, suggesting that compound K acts as an anti-aging agent (36) . However, to the best of our knowledge, there have been no previous studies assessing the ability of GAGs on attenuating TNF-α-induced type I collagen denaturation or the molecular mechanisms underlying the anti-inflammatory effects in human dermal fibroblasts.
The present study assessed the effect of GAGs on the collagen synthesis process in TNF-α-stimulated human dermal fibroblasts (HdFs). The results demonstrated that the molecular mechanism underlying the inhibitory effect of GAGs is associated with the inhibition of ERK/AP-1 signaling. These data indicate that GAGs may serve a critical role in the attenuation of skin inflammation and aging. Cell cultures and cell viability assay. HDFs were obtained by skin biopsy from one healthy male donor aged 12 years old on September 2014 (chung-Ang University Hospital, Seoul, Seoul, Korea). The present study was approved by the Ethical committee of chung-Ang University Hospital. Written informed consent was obtained from the legal guardians of the donor prior to enrolment. Primary explant cultures were established in 60-cm 2 culture flasks in Dulbecco's modified Eagle's medium (dMEM; Welgene, Inc., Gyeongsan, Korea) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 10 µg/ml streptomycin. HDFs were maintained at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . HdFs at passages 3-8 were used for experiments. To investigate the effect of GAGs, HDFs were pretreated with GAGs (0, 0.1, 0.5, and 1%) for 30 min and were then stimulated with TNF-α (20 ng/ml) for 24 h. Cell viability was determined using an MTT assay following the method described by Twentyman and Luscombe (37), with minor modifications. HDFs were seeded at a density of 5x10 4 cells/well in 24-well plates. Prior to treatment, cells were cultured for 24 h in serum-free DMEM, which was followed by treatment with GAGs (0, 0.1, 0.5, and 1%) for 24 h. HDFs were then incubated with 5 mg/ml MTT for 4 h prior to addition of dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added to dissolve the formazan crystals. Following MTT assays, absorbance was measured at 570 nm using a SpectraMax i3 microplate reader (Molecular Devices, Sunnyvale, cA, USA).
Materials and methods

Materials
Enzyme-linked immunosorbent assay (ELISA)
. ELISA was performed using a procollagen type I c-peptide ELISA assay kit (cat. no. MK101; Takara Bio, Inc., Otsu, Japan) and an MMP-1 ELISA kit (cat. no. dY900-05; R&d Systems, Inc., Minneapolis, MN, USA) following the manufacturer's protocol. HDFs were pretreated with GAGs (0, 0.1, 0.5, and 1%) for 30 min and were then stimulated with TNF-α (20 ng/ml) for 24 h. Other HDFs were pretreated with 20 µM PD98059 (an ERK inhibitor) for 1 h and were then stimulated with TNF-α (20 ng/ml) for 24 h. collected supernatants (obtained from conditioned media) were used for ELISA and relative absorbance was measured at 450 nm using the SpectraMax i3 microplate reader.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from HDFs using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). First-strand cDNA synthesis from the total RNA template was performed using the PrimeScript™ RT master mix (Takara Bio, Inc.). The reverse transcription product was subsequently diluted with 200 µl H 2 O. The resulting cDNA was subjected to quantitative PcR using TOPreal™ qPCR 2X PreMIX SYBR (Enzynomics, Daejeon, Korea) with a CFX-96 Touch™ Real-Time PcR detection system (Bio-Rad Laboratories, Inc., Hercules, cA, USA). The thermocycling conditions used to amplify all genes were as follows: 10 min at 95˚C, 40 cycles of 95˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30 sec. Expression data were calculated from the cycle threshold (Cq) value using the ΔΔCq method of quantification (38) . Gene expression values were normalized to the expression of GAPDH. The sequences of the oligonucleotide primers used for qPCR are presented in Table I .
Cell lysate preparation and western blot analysis. cell extracts were prepared as described previously (39) . Treated whole cell extracts were lysed in radioimmunoprecipitation buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate] containing a protease inhibitor cocktail (Roche diagnostics, Indianapolis, IN, USA). Protein concentrations were determined using a BCA assay kit (Thermo Fisher Scientific Inc.). For western blot analysis, cell lysates, each containing 20-30 µg protein, were resolved using 8-12% SDS-PAGE and were then transferred to polyvinylidene fluoride membranes. Membranes were soaked in 5% skim milk blocking buffer for 1 h at room temperature. Subsequently, membranes were incubated with anti-collagen I (1:1,000), anti-MMP-1 (1:2,500), anti-TIMP-1 (1:2,500), anti-p-ERK (1:2,500), anti-ERK (1:2,500), anti-p-p38 (1:2,500), anti-p38 (1:2,500), anti-p-JNK (1:2,500), anti-JNK (1:2,500), anti-p-c-Fos (1:2,500), anti-c-Fos (1:2,500), anti-p-c-Jun (1:2,500), anti-c-Jun (1:2,500), anti-Bax (1:1,000), anti-Bcl-2 (1:1,000), anti-total caspase-3 (1:2,500), anti-cleaved caspase-3 (1:2,500) and anti-β-actin (1:1,000; loading control) antibodies overnight at 4˚C. Then, the membrane was incubated with anti-mouse (cat. no. PI-2000, 1:10,000), anti-rabbit (cat. no. PI-1000, 1:10,000; Vector Labs Inc., Burlingame, cA, USA) secondary antibodies conjugated to horseradish peroxidase for 1 h at room temperature. Membranes were developed using enhanced chemiluminescence western blot detection reagents (GE Healthcare, chicago, IL, USA). Immunoblots were analyzed using ImageJ 1.44 software (National Institutes of Health, Bethesda, Md, USA).
Statistical analyses. All quantitative data are presented as the mean ± standard error of the mean for three independent experiments. Statistical analyses were performed using the statistical package for SPSS software version 10.0 (SPSS, Inc., Chicago, IL, USA). Differences between the two groups were evaluated using a paired t-test. For multiple comparisons, one-way analysis of variance was used followed by Tukey's multiple comparisons test. P<0.05 was considered to indicate a statistically significant result.
Results
GAG s regu l a t e t yp e I c oll age n p ro d u c t i o n i n TNF-α-stimulated human dermal fibroblasts.
Firstly, to measure the cytotoxic effect of GAGs, HDFs were serially treated for 24 h with various concentrations of GAGs (0, 0.1, 0.5 and 1%). The results demonstrated that GAGs had no significant effect on cell viability at any of the tested concentrations (Fig. 1A) . To identify the protective effect of GAGs against factors that influence skin aging, the effect of GAGs on TNF-α-induced type I collagen production in HDFs were assessed. HDFs were pretreated with GAGs for 30 min and were then stimulated with TNF-α (20 ng/ml) for 24 h. The expression of type I collagen decreased significantly following stimulation with TNF-α (Fig. 1B) . However, treatment with GAGs significantly reversed this decrease in type I collagen expression in a dose-dependent manner (Fig. 1B and c) . Furthermore, type I collagen secretion by HDFs following stimulation was significantly decreased; this decrease was reversed following treatment with GAGs (Fig. 1D) . These results suggest that GAGs regulate the production of type I collagen in TNF-α-stimulated HdFs.
GAGs enhance type I collagen production via MMP-1 inhibition.
The results demonstrated that GAGs reversed the reduction in type I collagen levels that occurred in TNF-α-stimulated HdFs (Fig. 1) . The regulatory proteins of collagen degradation were further assessed as many enzymes, including MMPs and tissue inhibitors of metalloproteinase (TIMPs), are directly and indirectly involved in collagen type I degradation (40) (41) (42) (43) . The results demonstrated that GAGs inhibited MMP-1 gene activation ( Fig. 2A and B) and also MMP-1 secretion (Fig. 2c) in TNF-α-stimulated HdFs in a dose-dependent manner. However, the expression of TIMP-1, a tissue inhibitor of metalloproteinases, decreased in TNF-α-stimulated HDFs, but increased following GAG treatment, peaking following treatment with 0.5% GAGs (Fig. 2B) . Subsequently, the molecular mechanism by which MMP-1 production is inhibited in HDFs by GAGs following stimulation with TNF-α was assessed.
GAGs inhibit MMP-1 expression via suppression of the ERK signaling pathway.
Previous studies have indicated that MAPK pathways, specifically those induced by TNF-α, serve an important role in the regulation of procollagen synthesis (26, (30) (31) (32) 35, 44) . Thus, the present study assessed TNF-α induced MAPK signaling. The results demonstrated that TNF-α activated the phosphorylation of ERK, JNK and p38, peaking at 30 min and then the signal gradually weakened (Fig. 3A) . To determine whether GAGs suppressed the activation of MAPK, HDFs were pretreated for 30 min with GAGs (0, 0.1, 0.5 and 1%) and then stimulated with TNF-α for a further 30 min. The results demonstrated that GAGs attenuated ERK phosphorylation but did not affect the phosphorylation of JNK and p38 (Fig. 3B) . In addition, GAGs markedly attenuated the phosphorylation of AP-1, including c-fos and c-jun, the major transcription factors downstream of ERK that are responsible for the expression of MMP-1 (Fig. 3C) . The results confirmed that MMP-1 activation and type I collagen regulation is dependent on ERK signaling using the MEK/ERK inhibitor Pd98059 in HdFs. Treatment with PD98059 (20 µM) significantly attenuated the upregulation of MMP-1 by TNF-α (Fig. 3d) . Furthermore, treatment with PD98059 resulted in recovered type I collagen secretion (Fig. 3D) . These results confirmed that GAGs inhibit MMP-1 expression via ERK inactivation, followed by an increase in type I collagen production.
GAGs inhibit the TNF-α-induced-apoptosis of HDFs.
TNF-α is a pleiotropic cytokine with diverse cellular responses. TNF-α induces apoptosis in different types of cells, including fibroblasts (45) (46) (47) . Therefore, the present study assessed whether GAGs inhibit TNF-α-induced HDF apoptosis. HDFs were pretreated with GAGs for 30 min and then stimulated with TNF-α for 24 h. Cell apoptosis was then evaluated by assessing the expression of the apoptosis-associated proteins caspase-3, Bcl-2-associated X protein (Bax) and B-cell lymphoma 2 (Bcl-2). caspase-3 serves a key role in TNF-α-mediated apoptosis (48, 49) . The results demonstrated that TNF-α stimulation markedly increased cleaved caspase-3 levels (as indicated by the bottom band on the western blot in Fig. 4A ) and pro-apoptotic Bax levels. However, treatment with GAGs markedly abolished these increases (Fig. 4A) . Additionally, GAGs treatment did not alter levels of the anti-apoptotic protein Bcl-2, but restored the Bax/Bcl-2 ratio following stimulation with TNF-α in HdFs, in a dose-dependent manner (Fig. 4A and B) . These results indicate that GAGs protect HdFs against the apoptosis induced by TNF-α.
Discussion
The various anti-aging benefits of GAGs have contributed to their widespread inclusion in cosmetic and pharmaceutical products (50, 51) . GAGs, including hyaluronic acid, chondroitin sulfate, dermatan sulfate and keratan sulfate are abundant structural components of extracellular structures and regulate many biological processes, including cell growth, migration, differentiation, adhesion and lipid synthesis in the dermis and epidermis (1, (52) (53) (54) (55) (56) . The contents of GAGs change during intrinsic and extrinsic aging (57) (58) (59) (60) . Specifically, GAGs containing proteoglycans, including versican, decorin and biglycan, serve important roles in the synthesis and maintenance of collagen and elastin (61) (62) (63) (64) . It has been demonstrated that the removal of collagen-attached GAGs affects collagenolysis via cathepsin K (65) . However, few studies have reported the molecular mechanisms of GAGs underlying the anti-aging effects on the skin.
To the best of our knowledge, the present study is the first to demonstrate that GAGs significantly inhibit TNF-α-induced type I collagen denaturation in HdFs. It has been demonstrated that versican, a member of the chondroitin sulfate proteoglycan (PG) family, binds to collagens and controls fibril formation (64) . In addition, deficiencies in decorin and biglycan, which are members of the dermatan sulfate PG family, cause abnormal collagen fibril formation and result in thin and fragile skin (61) (62) (63) . The keratan sulfate PGs, lumican and fibromodulin, are also able to regulate the formation of collagen fibrils (66) .
The molecular components of the EcM are remodeled by matrix metalloproteinases released from fibroblasts (67) . collagen degradation can be induced by MMP-1 and the expression and activity of MMP-1 may become elevated as a result of intrinsic and extrinsic aging (68, 69) . The present study demonstrated that GAGs inhibit the TNF-α-induced increase in MMP-1 expression in HDFs. However, the results demonstrated that levels of TIMP-1, an inhibitor of MMP-1, increased along with the concentration of GAGs in HDFs stimulated with TNF-α. The results of the present study therefore support the conclusion that MMPs and TIMPs are directly and indirectly involved in the synthesis of collagen type I (40) (41) (42) (43) .
The present study also assessed the upstream signal transduction pathways of collagen synthesis via the regulation of MMP-1 and TIMP-1. Previous studies have demonstrated that MAPK signaling pathways serve pivotal roles in controlling various cellular functions, including cell growth, MMP expression and collagen synthesis (26, (30) (31) (32) . In addition, several studies have revealed that MMP-1 expression is enhanced by activated MAPK in dermal fibroblasts following stimulation with particular stimuli (70, 71) . The present study demonstrated that GAG treatment resulted in the suppression of ERK phosphorylation (but not the phosphorylation of JNK or p38) in TNF-α-induced HdFs, leading to the reduced phosphorylation of AP-1. It has also demonstrated that tensile force induces the expression of type I collagen and MMP-1, and activates MAPKs in periodontal ligament fibroblasts (72) . In particular, the inhibition of ERK, but not JNK or p38 MAPK, negatively regulates the tensile force-mediated activation of NF-κB and MMP-1 expression (72). The TNF-α-induced expression of MMP-9 was increased via the Ras/ERK-regulated activation of NF-κB and AP-1 in human vascular smooth muscle cells (73) . In addition, various cytokines, including interleukin (IL)-1β, IL-6, IL-8 and inducible nitric oxide synthase induced by MAPKs, are involved in the inflammation associated with skin diseases (74, 75) . Thus, further studies are required to assess the anti-inflammatory effect of GAGs in skin diseases or in conditions associated with aging.
Finally, the current study confirmed the anti-apoptotic effects of GAGs in HDF stimulated with TNF-α. It has established that TNF-α stimulates a variety of responses, including inflammation and apoptosis in vitro and in vivo (76) (77) (78) . The present study demonstrated that GAGs exert anti-apoptotic effects in HDFs stimulated with TNF-α. Furthermore, a previous study determined that TNF-α-induced ERK activation mediates p53 activation in apoptotic and autophagic L929 cells (79) . In addition, Pd98059 has been demonstrated to significantly reduced the cytotoxic effect of TNF-α in L929 and U251 cells (80) .
In conclusion, the results of the current study indicate that GAGs serve an important role in type I collagen production. Specifically, GAGs reduced MMP-1 expression and elevated TIMP-1 expression by inhibiting the ERK/AP-1 cascade in TNF-α-stimulated HdFs. In addition, a protective effect of GAGs against cell apoptosis was observed. A previous study demonstrated that a cream comprised of GAGs positively regulated wrinkles, skin elasticity, dermal density and skin tightening in a clinical trial (4) . Given that the expression of various proinflammatory cytokine/chemokines are significantly elevated and the expression of type I collagens is decreased in aged skin dermis, the current study suggests that GAGs may be used as anti-inflammatory and anti-aging agents for skin.
